Abstract
I. INTRODUCTION
C dTe has attracted much attention recently due to its rapid progress in solar cell applications. First Solar demonstrated polycrystalline CdTe solar cell with a record efficiency of 21.5% in early 2015 [1] . However, this is still much lower than the Shockley-Queisser limit (∼32%) for CdTe [2] . To further improve the cell efficiency, longer minority carrier lifetime, higher doping concentration, better surface passivation, etc., are needed [3] . Recently, both one-and two-photon excitation timeresolved photoluminescence (TRPL) measurements have shown that undoped monocrystalline CdTe has much longer minority Manuscript carrier lifetime than polycrystalline CdTe [4] - [9] , thus making it a potential candidate for higher efficiency solar cells. However, little research has been done to study the carrier lifetimes of doped monocrystalline CdTe, which is essential to the design of solar cell devices. Whereas p-type doping is hard to achieve in CdTe, various studies have shown the possibility of efficient n-type doping of CdTe using In grown by molecular beam epitaxy (MBE) [10] - [14] . In this work, CdTe/Mg 0.46 Cd 0.54 Te double heterostructures (DHs) doped with In are grown on InSb substrates using MBE. The InSb substrate is lattice-matched to CdTe and has small defect density, which is ideal for the growth of highquality CdTe epilayers [4] . The Mg x Cd 1-x Te layer has been demonstrated to be an ideal barrier layer for CdTe, which can effectively confine both electrons and holes and reduce the surface recombination [5] , [6] . The optical properties of the DHs were studied using steady-state PL and TRPL measurements, which will be published in the proceeding of the 42nd IEEE Photovoltaic Specialists Conference [15] . In this enhanced manuscript, more in-depth discussions on the optical properties of these doped DHs are included. Besides, more details about the doping profiles and carrier concentrations measured by secondary ion mass spectroscopy (SIMS) and capacitance-voltage (C-V) measurements are discussed. The potential application of the high-quality In-doped CdTe/Mg x Cd 1−x Te DH on InSb structure is that it can be used for developing high-efficiency n-type monocrystalline CdTe solar cells, if a proper p-type window layer is developed.
II. EXPERIMENTS
The designed layer structure of a CdTe/Mg 0.46 Cd 0.54 Te DH sample is shown in Fig. 1 . The samples are grown on InSb (0 0 1) substrates using a dual-chamber MBE system. Detailed growth conditions have been reported previously [4] , and the CdTe/Mg 0.46 Cd 0.54 Te DH region is doped with In at concentrations from 1 × 10 16 to 7 × 10 18 cm −3 . The Mg composition of 46±1% is determined by high-resolution X-ray diffraction. The 30-nm CdTe cap layer is used to prevent the top Mg 0.46 Cd 0.54 Te layer from oxidization in the air.
The desired In cell temperature for each doping level is determined by the In doping calibration curve as shown in Fig. 2 . The data points in the figure are from a standard sample quantified by SIMS measurements, with various doping concentrations at different depth, and the straight line is fitted from the data points. The flux ratio of Cd/Te is 1.5 during the CdTe layer growth, which is believed to be favorable for the effective activation of In dopants [12] , [13] .
A Cameca IMS 6f spectrometer is used for SIMS measurement. The primary ion beam is O 2 +, and the vacuum level is kept at 2 × 10 −9 torr in the chamber. The quantification of In concentration is realized by using a standard sample previously measured at Evans Analytical Group (EAG). C-V measurements are carried out using a mercury probe station with a precision LCR meter. The ac frequency of the bias is 100 kHz, and the amplitude is 25 mV. Both the mercury probes are in contact with the top surface of the sample as shown in Fig. 3(a) . The smaller contact has an area of 4.56 × 10 5 μm 2 , and the area ratio between the two contacts is 48.6:1. With a reverse bias applied to the smaller contact and a forward bias applied to the bigger contact, the measured capacitance across the sample is determined by the smaller contact, as shown in Fig. 3(b) . Thus, the carrier concentrations near the smaller contact can be probed.
Steady-state PL spectra are measured using a monochromator equipped with a photomultiplier tube. The excitation source is a 532-nm diode-pumped solid-state laser. The laser power and the beam radius are set to 0.92 mW and 0.54 mm, respectively, so that the power density is similar to 1-sun power density (100 mW/cm 2 ). TRPL measurements are carried out using a time-correlated single-photon-counting system. The excitation sources include a femtosecond pulsed Ti:Sapphire laser with 750-nm wavelength and 0.8-MHz repetition rate used and a tunable pulsed fiber laser with 700-nm wavelength and 5-MHz repetition rate used. The laser power densities are adjusted so that the initial excess carrier density is 1 Fig. 2 . Fig. 4 shows a typical SIMS profile, measured for a sample doped with 1 × 10 18 cm −3 In. The Mg and Te are plotted as 
C-V measurements show that the carrier concentration of the undoped DH is about 5 × 10 14 cm −3 . For the In-doped samples, with doping concentrations from 1 × 10 16 to 1 × 10 18 cm −3 , the carrier concentration is almost the same as the atomic doping concentration, indicating 100% ionization, as shown in Fig. 5 . The slight difference between the data points and the dashed 100% ionization line is probably due to the errors in both SIMS and C-V measurements. The standard sample measured by EAG has ±10% error bar in doping concentrations; thus, it is reasonable to assume that the error bar is ±10% for the quantification of the rest of the samples. The mercury probe station was calibrated using n-type silicon wafers with known carrier concentrations; however, the actual size of the mercury contact is dependent upon the surface tension between CdTe and mercury and the applied vacuum level, which can introduce error bars to the calculated carrier concentrations as shown in (2) . The carrier concentration error bar shown in Fig. 5 is calculated assuming ±12.5% error bar for the mercury probe contact area
When the doping concentration increases to 4 × 10 18 and 7 × 10 18 cm −3 , the carrier concentration reduces to only 8 × 10 17 and 1 × 10 17 cm −3 , respectively, which indicates strong compensation at higher doping levels. It was mentioned that Cd over pressure during the CdTe layer growth is favorable for the activation of In dopants, since it prevents the formation of Cd vacancies (p-type) when In is present [13] . Based on our observation, it is possible that below 1 × 10 18 cm −3 doping level, Cd/Te flux ratio of 1.5 is enough for the effective activation of In; however, beyond that doping level, higher Cd/Te flux ratio may be needed. Fig. 6 shows the room temperature PL spectra of the CdTe/Mg 0.46 Cd 0.54 Te DHs measured under the same conditions. CdTe shows a PL peak position at 820 nm at room temperature, which corresponds to a bandgap of 1.50 eV, considering the kT/2 difference between the PL peak and the bandgap energy. The PL intensity is observed to first increase with doping concentration and reach a maximum at 1 × 10 17 cm −3 , and after that, the PL intensity starts to decrease.
It is expected that with higher doping concentrations the radiative recombination rate is faster and thus the PL intensity is stronger. However, this is not the case when the doping concentration is higher than 1 × 10 17 cm −3 , which suggests that nonradiative recombination also becomes much stronger when the doping concentration is above this level. Nonradiative recombination is closely related to the defect states located within the bandgap. As can be seen in the PL spectra, when the doping concentration reaches 6 × 10 17 cm −3 , not only does the PL intensity become weaker but the spectrum becomes broader as well, indicating increased defect states within the bandgap and degraded crystalline quality. When the doping concentration is even higher, a shoulder peak appears next to the CdTe peak, indicating an impurity band within the bandgap. Fig. 7 shows the PL decay of the DHs with different doping concentrations. For some of the curves, the decay process is nonsingle-exponential and becomes very slow at the tail of the decay, the reason for which is not very clear at this moment. For comparison, the carrier lifetimes are fitted using the initial decay part of each curve, where the excess carrier density is about 1 × 10 15 cm −3 . It is noted that the carrier lifetime decreases with increasing doping concentration, which can be due to the decrease of both radiative and nonradiative lifetimes.
The carrier lifetime and PL peak intensity together as a function of carrier concentration are plotted in Fig. 8 , and their behavior can be explained as follows. The PL intensity is proportional to the internal quantum efficiency (IQE), which is defined as the ratio of the radiative recombination rate (R rad ) to the total recombination rate (R total ) inside CdTe, as shown in (3). The total recombination consists of both radiative and nonradiative recombination (R non-rad ), which includes Shockley-Read-Hall (SRH) recombination in the CdTe bulk region (R SRH ) and at the two CdTe/Mg 0.46 Cd 0.54 Te interfaces (R int ): The radiative lifetime equation is shown in (4), where the parameter γ is the photon recycling factor and B is the material radiative recombination coefficient of CdTe [17] . The photon recycling factor describes the average fraction of radiative recombination generated photons that are reabsorbed within the CdTe layer before escaping the DH. Since all the samples have the same structure, γ is the same which is calculated to be 0.85. The bulk SRH lifetime is related to the quality of CdTe. The interface recombination lifetime is not only related to the interface quality but to the band bending at the CdTe/Mg 0.46 Cd 0.54 Te interface region as well. With higher n-type doping concentrations, the band bending is stronger at the interface, and it is possible that the minority carrier (hole) is driven away from the interface resulting longer effective interface recombination lifetime.
When the doping concentration is below 1 × 10 17 cm −3 , nonradiative lifetime may only decrease slightly, while radiative lifetime decreases inversely with higher doping concentration, resulting in an increased IQE and a stronger PL intensity. However, when the doping concentration is above the level of 1 × 10 17 cm −3 , nonradiative lifetime starts to decrease dramatically, while radiative lifetime still decreases at the same rate. Thus, a weaker PL intensity is observed at higher doping concentrations. The dramatic decrease in nonradiative lifetime may be due to the formation of In-related defect states located within the bandgap. Further investigations are needed to confirm this. 
